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ABSTRACT

-- Twenty-one constant current welds were made at OCRP currents
from 264 to 358 A. Three experiments were conducted where the

current was in the form of a very slow sawtooth waveform from

200 A to 380 A over a period of 50 seconds. Two low frequency

pulsed current welds were made using a 650 A peaK current and a

250 A base current at 50 percent duty cycles; at 30 Hz and 10

Hz. All welds were made bead on mild steel plate using constant

current GMAW equipment and argon + 2;. oxygen shielding gas.

After welding, the plates were cut, ground, polished and etched

with 12% nital solution to show depth of penetration.

The constant current welds showed that unliKe its behavior in

GTALJ, penetration increases gradu:,lly over the current range
tested. Also, the growth of the "finger" constituted nearly all

of the total penetrat ion increase indicat ing convect ive flows of
increas ing rnagn itude. The ramped current exper iments reinforced
the observation that penetration increases gradually over the
current range examined. The weld pool was also observed to
fluctuate, slightly depress and finally depress significantly as
the compound vortex started to form, formed completely and then

grew stronger . The low frequency pulsed gas metal arc welds

real ized very l ittle penetration because the wire feed motor was
not fast enough and the torch had to be raised causing severe

arc spreading. ( f

Thesis Supervisor: Or. Koichi Masubuchi

Title: Professor of Ocean Engineering and Materials
Sc ience
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1. Gas Metal-arc Welding in Shipbuilding.

Welding is used in the shipbuildiog industry almost

exclusively as the joining process of choice. Certainly, many

other industries use welding very eXtensively and the results

presented here will have applications in those industries as

well . But this study has been directed toward shipbuilding

where a very large fract ion of the overall construct ion cost of

a ship is the cost of welding. This cost includes the welding

tools and consumables, but by the very labor-intenfive nature of

the process, most of the cost is devoted to the employment of

sKilled welders. Welders can often represent forty to sixty

percent of the worKforce in a large conrerc ial shipyard. The

amount of gas metal-arc welding will vary from ship class to

ship class and shipyard to shipyard depending on such things as I
the f ixtur ing available, crane I ift capacities and the details

of the ship design. Electric Boat Divisior of General Dynamics

at Quansit Point, Rhode Island, is able to maKe extensive use of

submerged arc welding in the construction of submarines because

of their "modular" ship design and extensive fixturing. But in

the construct ion of most ships, it is safe to say that gas

metal-arc welding is a very large fraction, if not an outright

majority, of the welding in terms of man-hours and consumables

expended.
T

The use of higher strerngth steels such as HY IlO( arid HSLA
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1 require more complex welding procedures. These procedures

include pre-heat, post-heat and total heat input restrictions.

The end result of these comrpl icated procedures is more time and

effort expended by a more highly trained welder to join the two

pieces of steel. Additionally, the welder must often have

special qualifications and weld much more carefully. Then, the

finished weld must be inspected and any defects or

irregularities must be ground out and welded again. It is easy

to see why such a process is. time-consuming, labor-intensive and

expens ive.

2. Automated Welding.

It is a worthy goal to seek to automate the welding

process, and in particular, the gas metal-arc welding process.

Ideally, welding machines or robot welders could worK tirelessly

around the clock doing repetitive tasks with great accuracy and

speed. The efforts of human welders could be appl ied to more

complex and non-repetitive welding tasks. Ships could be built

more quickly and at less expense.

The trouble with this "pipe dream" is that shipbuilding in

this country is not well-suited to automation. Ships are built

"from the Keel up' and they are built "by system". A ship is

built "by systerr" in that the hull is built first. Then the

various systerrts are placed into the hull. The electrical

distribution system, the fire fight ing system, the internal

communication system, the propulsion system, the ship control
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system, the sanitary system, the compress-
4 air system, the fuel

system, the hydraul ic system, the combat system and many more

systems are placed in the hull. Obviously this is a

s impl if icat ion since many of these systems must be in place

before the hull is completed but the concept is valid. This

"build by system" concept often results in very little

repetitive worK that can be performed outside the hull. Most of

the welding occurs in the forms of welding of plates to fr ames

already in place and the weld irg of systems in location oniboar d.

A "modular" concept is much better suited for automated welding

and has many other benefits that are beyond the scope of this

paper. In a modular design, the ship is divided into "zones".

These zones are three-dimens ioral piecs of the ship that contain

all of the system corporents pass ing through that zone. The

zones are constructed as one piece remote frorn the ship assembly

s ite , transported to that s ite and then assembled to form the

ship. Cleverly designed zones will have a myr iad of

opportunities for repetitive welding that robot welders will be

capable of performing. Modular ship construction is the

standard oper at ing procedure in Japan, Korea and many other

places over seas and is beginning to gain popularity in this

country.

Even with modular ship construction, there are problems

with automated welding. Plates distort while welding them,

fit-ups are not perfect, joints vary in width and depth, plate

thicknesses vary and other , less predictable var iat ions occur in

the welding conditions. iutomated welding systems for use in

S
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shipbuilding need to be adaptable. Systems are already in use

that can sense the changes in welding conditions and alter the

welding parameters to accomodate these changes. These systems

and systerr.3 like them, still under development, are capable of

maKing changes in welding current, voltage, travel speed, torcn

height, arc length or almost any other welding parameter using a

rule-based system to accomodate variations in the welding

conditions. These systems can make the appropr iate changes in

the welding parameters, provided of course, that the appropriate

changes are Known. There are situations where human welders do

not have easy solutions. Specifically, tack welds pose a

problem that is not easily solved.

3. Tack Welds.

A taCK weld is a relatively short weld used to hold the two

pieces of metal in place during welding ofigure 1). It is easy

to see that once the fit-up of two large pieces of hull steel is

performed, the shipfitters can not be expected to hold the

pieces in place until a welder can join them. TacK welds are

used to hold the worKpieces in place while the welders worK.

Another use for taCK welds has to do with the thermal distortion

that occurs as a result of welding. Since the metal expands and

tends to widen the joint as welding taKes place, tack welds are

used to prevent this distortion. For instance, on a long,

straight weld; as the welder starts. welding at one end, the

other end of the joint spreads apart due to thermal expansion.

10



Figure 1. Diagram of a taCK weld.



I
It may be impossible to weld these pieces until they cool if the

gap becomes too wide. A tacK weld, or series of taCK welds,

would prevent some of the distortion and allow the welding to

take place.

TacK welds are usually performed by the shipfitters instead

of welders. They are often performed hastily with the idea that

a welder will soon cover this "temporary" weld with the finish

weld that may involve several passes. They may even involve a

different welding process, namely shielded metal arc (sticK

electrode) welding.

The problem caused by these tack welds is two-fold.

Firstly, the presence of the tack weld causes a discontinuity in

the welding process. The torch suddenly becomes closer to the

weldmerit. And the normal flows in the weld pool are disrupted.

Secondiy, the tacK weld, in effect, becomes a thicker sect ion of

metal to weld. To deal with this problem, the welder would

require increased penetrat ion and decreased metal deposition to

avoid an urs.ightly mound or glob where he welded over the tacK

weld. This irregularity might cause the weld to fail the

quality control inspection. It would then have to be ground out

and welded aga in; at expensive and t ime -consuming process.

Defects at the leading and trailing edges of the tacK weld

(figure 2), caused by disruption in the weld pool flow are

common as well . These defects, discovered by non-destructive

test ing (NOT) methods, may also result in the weld being ground

out and welded again.

The purpose of this. effort ther, is to examine a method of
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Figure 2. Longitudinal cut through a taCK weld showing defects.
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dealing with tack welds that could be employed by an automated

welding system. This method employs a penetration mechanism

know as the compound vortex. At the outset , it should be stated

that although insight has been gained as a result of the

author's worK, the method envisioned as a tmeans of deal ing with

tack welds, was largely unsuccessful.

4. Compound Vortex.

The next chapter of this paper deals with the fundamentals

of gas metal-arc process and the variables involved. Since it

is a chapter that may be skipped by the reader who is famil jar

with the process, a brief description of the compound vor tex is

warranted here.

If the we] d pool was ax isymmetr ic , mragetohydr odynamic

theory predicts toroidal flow. That is, flow parallel and

perpendicular to the axis of the arc. These flow patterns

called "thermo-capillary" and "diffuso-capillary" are described

in chapter two. The circumferential flow would be very small.

Real weld pools are not ax isymrnetr ic , however, and the

c ircumferent ial flow tec omes significant above a cer tain

threshold current. Lin and Eagar El] demonstrated that observed

weld pool depressions in gas tungsten-arc welds could not be

explained by arc pressure alone. High speed photography of

oxide particles on the surface of the weld pool showed angular

velocities above twenty radians per second. The centrifugal

effect of this motion causes a cavity in the center of the weld

14



pool. This allows the arc to impinge the weldment at a point

below the surface. The restilt is a significant increase in

penetration. The compound vortex is. character-ised by a r eg ion

of constant angular velocity in the center (forced vortex),

surrounded by a reg ion of constant angul ar momentum (free

vortex). A diagram of the compound vortex model is shown as

f igure 3.

15
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1. BacKground.

In order to examine the process and variables of Gas

Metal-Arc Welding, what is first required is a descr iption of

the process and an idea of how it differs from other joinirg

processes. First of all, welding is a joining process used

almost exclusively cr, metals, where the edges of the two

worKpieces are melted or fused together. Arc welding is the

subset of welding processes that uses an electric arc to provide

the heat needed to melt the metal. The first electric arc was

strucK over one hundred and severty years ago by Sir Humphrey

Davy in England. He described his experiment as follows: "st ien

a current was sent by I00 double plates, each 4 inches square,

through potassium vapor between platinum electrodes, over a

nitrogen gas, a vivid white flame arose. It was a mo s t

br ill iant flame of from half ar inch to one and quarter inches

in length." [2] But it was not until eighty years later, that

Nicolas Benardos and Stanislas OlszewsKi patented a process that

fused metal by str iK ing an el ectr ic arc between a single carbon

electrode and the metal worvpiece. In 1832, Slavianoff proposed

that a consumable electrode be used in place of the carbon

electrode. Modified versions of this welding by sticK electrode

are still in use today.

Gas metal-arc welding is a welding process where the heat

17



required for fusion is provided by an electric arc struck

between a consumable metal electrode and the worKpiece. The

electrode is a bare metal wire coiled on a spool that is fed at

a measured (usually constant) rate to the torch where it makes

electrical contact with the power supply. Thus the current

flows from the contact in the torch, through the final inch or

two of the electrode, to the arc. The molten metal in the arc

and the molten weld puddle are protected from the atmosphere by

a gas such as argon, hel ium or carton dioxide which c ,,rrounds

the arc and blankets the puddle. Otherwise oxygen and nitrogen

from the atmosphere would readily combine with the molten metal

and result in a weaK, porous weld. [23

Industry embraced arc welding as a marvelous innovation and

began using it with very little understanding of how it worked.

It was enough for industry to Know that it did worK. Much work

has been done in this century to determine what variables affect

the final weld and in what ways. Some of the inportant results

of this work especially in the area of gas metal-arc welding

will be sumrrar2zed in this chapter, Before that can be done,

some discussion of the process variables is required. This

discussion will first cover, electrode melting rate, metal

transfer and welding equ ipmert. Temperature distr ibution

equations have been used to approximate the fusion zone and

these will be discussed next. Finally, the current theories on

weld pool motion and its effect on penetration and weld bead

geometry will be explored.

18



2. Electrode Melting Rate.

There are two major sources of heat that contr ibute to the

melting of the consumable electrode. [3] Firstly, heat Is

generated at the tip of the electrode. Most gas metal -arc

welding is performed with the electrode positive (DCRP). In

this case the electrode is the anode. Total heat transferred to

the anode a A is

"A = OCD + OCV + OR + QE

where 0CD is the heat transferred by conduction, Qcv is the

heat transferred by convection, OR is the heat transferred by

radiation and 0E is the heat transferred by electrons impacting

the anode. Sanders and Pfender [5] found that heat transfer due

to the electrons impact ing the anode were respons ible for up to

85 percent of the total heat transfer. They further descr ibed

07 as follows:

C E = I ( 5KT/i2e + U +

where 5KT./2e is the electron thermal energy, U is the potential

drop across the anode region of the arc, called the "anode fall"

and 0 is the potential energy surrendered by an electron upon

entering a metal , called the electron "worKfunction." The size

of the boundary l ayer at the anode and the magn itude and shape

of the anode fall in this region is the subject of some debate.

19



[5,9, 10] The region under dispute is so small and temTperatures

so high that complete understanding of these phenomena is not

currently available. But it is generally agreed that the bulk

of the heat is carried by the electrons.

The second major source of heat occurs as a result of the

electrical resistance heating caused by the current passing

through the electrode.

Lesnewich [43 showed that heating due to radiation from the

weld pool and the arc is negligible. Heat conducted by the

molten tip of the electrode to the electrical contact point and

then lost through conduction is also negligible under most

welding conditions. [3]

Now that the two major sources of heat have been

identified, it is left to examine the factors which affect them.

Anode heating is affected by the current and electrode diameter

but not the electrode extension. The melting rate due to

electrical resistance heating is proportional to the electrode

res ist iv ity , e'xtens ion and current squared but inversely

proport ional to its cross -sect ional area. Electrode melting

rates are generally independent of the shielding gas. [43

Lesnew ich stud ied gas-shielded metal -arc welding primarily

using commercial mild-steel welding wire. [4] He determined

that the contribution of anode heating to the electrode melting

rate could be determined by measuring the melting rate at

various electrode extensions and extrapolating the data back to

an extension length of zero. Figure 4 shows a typ ical plot of

the effect of electrode extensior, on electrode melting rate. At

20
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zero extension, heating due to electrical resistance would be

zero and the melting rate would be entirely due to anode

heat ing. Lesnewich found that the melting rate due to anode

heating, Ma, could be expressed as:

Ma = Cal

where Ca is the anode heat ing coefficient and I is the current.

Ca is related to the anode drop and the electrode worK function.

It was shown that Ma is independent of arc length and electrode

extension. The anode heating coefficient is dependent upon the

specific heat of the electrode and its diameter. Figure 5 is a

typical plot of anode melting rates as a function of current.

The voltage required to force current through a conductor

is given by Ohm's law.

V = p x L/Ax I

where: p = electrical res is.tivity

L = conductor length

A = cross-sectional area of the conductor, and

I = current flowing through the conductor.

Electrical resistivity is stron gly dependent on the temperature

of the conductor. This voltage drop, VP times the current

flowing through the welding electrode, I, is the heat energy due

to the electrode's resistance, HR.

22
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HR = D' L/A x I

The equation for the melting rate due to resistance heating can

be sirpl ified to the form:

M C LI 

where C is a constant of proportional ity that is dependent

upon electrode diameter and the electrode resistivity. [4]

Table 1. Values for C for various diameters of a mild steel

electrode [4].

Cp

Diameter (in) in/,min amp 2 in) lb/(hr amp 2 in)

0.030 260.0 x 101-4 313.0 x I0?-6

0.045 42. 1 x 10t-4 114.0 x lo-6

0.062 10.5 x t-4 54.7 x lt-6

0.093 1.6 x lOt-4 19.2 x lot-6

Lesenwich found an exponential relationship between the

cross-section area of the electrode and the resi stance heating

coefficient, Cp ,as follows:

C ? -Ib/'hr in ,mp -  )

24



or

C S 0x1-5.0 (lb/hr in mP2

D2

This equat ion and the equivalent expression for the anode

heating coefficient were combined to provide an emp ir ical

equation for the electrode mel ting rate for direct-current

reverse-polar ity gas metal arc welding with a mild stee I

electrode.

.3.6 0x 10. 6 Li 2

M01=7O.OI7 + 0.37A)i + A I. C(Ib,'hr

It is worthy of note that arc length has very little effect on

melt ing rate as shown in Figure 6. (4)

3. Metal Transfer.

Metal from the consumable electrode is transferred to the

weldrrent when the electrode is melted and drops of metal fall or

are propelled through the arc to impact the weld pool. Or in

the case of short -circuit transfer, metal is transferred when

the electrode extends and comes in contact with the weldment.

The resulting short-circuit and associated rise in current

through the electrode causes the tip of the electrode to melt

off. Th is "short-c ircuit" or "dip" mode of transfer, although

very useful in many appl icat ions, real izes I ittle penetration

and so will not be discussed in any depth in this chapter.
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To cause the metal drops to travel across the arc, forces

must act on the drops. The nature and magnitude of these forces

have been the subject of some study. (3,6,7,3] A drop of molten

Metal is suspended from the tip Cf the electrode by sur face

tension. Surface tension is on the order of 1200 dynes/cm (3J

for mild steel. In the case of a 1/16 inch (0.16cm) diameter

electrode, this force would be about 600 dynes. This force must

be overcome in order for the drop to travel across the arc. The

force due to gravity is an obvious candidate. This force is

equal to the volume of metal in the drop times the mass density

of the molten metal (7.8 g/cmt3 for steel) t imes the

acceleration due to gravity (980 cm/s.t2). For a spherical drop

of radius 0.1 cm this force equals 32 dynes. It would taKe a

drop over half a centimeter in diameter to overcome the 600 dyne

surface tens ion force. In fact, the force due to gravity could

be considered negligible for drops smaller than the diameter of

the electrode. Then there are other forces acting to propel the

drop- of ncGter, .,2tal 4rom the electrode to the weld pool.

Two conductors carryring current in the same direction are

krown to attract each other. If the electrode is considered a

bundle of current carr lers there would be a force attempt ing to

reduce the electrode's diamater. This force would not have a

s ignif icant effect on a sol id metal conductor but near the tlp

of the welding electrode, the conductor is in transition between

its sol id state ana its. molten state. This electromagnet ic

force tends to "pinch" off a drop and give an a' ial impul se.

Reduc ng the dlaneter of the electrode has the added effect of

27
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reducing the magn itude of the surface tens ion force. This

force, often called the "pinch effect", acts independent of the

polarity of the electrode. The total axial force is'

F = 1/2 12

where I = the current in e. m.u. When the cur r ent is 300 armper e

(30 e m.u , ) the force equals 450 dynes. Figure 7 shows that the

electromagnetic force reduces the surface tens ion ar:d

concentrates the pinch effect. Consequently , a drop is p inched

off along MA and is given an axial component of acceleration.

The drop then travels across the arc and impacts the weld

pool at speeds that exceed grav itat ional acceleration al one.

Masubuchi points out that a drop fall ing under the influence of

gray ity al ong a d istance of 1/4 inch would ach ieve a s peed of

only 0.04 inch/s. [3] On the other hand, Jackson observed drop

speeds of 15 to 50 ip' as shown in f igure 8. [9] Th is graph

-how-= the drop -peed decreasing as drop size increases. The

knee of the curve occurs at a drop diameter of about 0.03 - 0.09

inches. It will be shown shortly that v,.er y is mTa l 1 drops

,(diameter < 0.09 in) are transferred to the weld pool I n the

"spray" mode of transfer instead of the "globular" mode. Figure

9 shows that as welding current is increased, a rather dramatic

change occurs at about 250 amprere . Lesnew ich found that us ing

r ever se-polar ity OC , with ar gor, and 17. ox ygen as the shielding

gas, a "trans it ion curr ent" could be identified. At welding

currents lower than t he tr ans it ior current, large drops Cf
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Figure 7. Concentration of electromagnetic -force at the region
of minimum s.ect ional area .L5J
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molten metal would be suspeneded from the end of the electrode

until they "fell" toward the weld pool at a rate of only af few

drops per second. Above this current, the metal was transferred

ir a *spra :,f tiny drops at a r ate of over 2O0 dr QF._ per

second. Drops smaller than about 0.0005 cu.in. are transferred

in the spray node. This equates to a drop diameter of about 0.09

- 0. 10 inches, or the Knee of the drop ve 1 oc ity curve (fig. 8).

Spray transfer is desirable for greater penetration,

increased arc stabil ity and the fact that it allows overhead and

out of position weld ing. The transition current is not a

constant. It is dependent on many parameters including

electrode composition, polarity, diameter and sticKout length.

Table 2 lists the transition current for steel and aluminum

electrodes of various diameters. Figure 18 shows the

relationship between electrode diameter, sticKout I e.gth and

transition current for- mild steel electrodes, under the welding

conditions of DCRP and argon + l/. oxygen. The transit ion

current for alurninum is less than that for steel and it

decreases with smaller diameters and longer. sticKouts.

Lesnewich (7] proposed the following equation for

transition current:

I = 60 + 3400 0 - 30 L

where I = transit ion current in ampreres

0 = electrode diameter in inches

L = electrode st ickout in inches
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TABLE 2.

-r Fi -!S I -- I O-) GU R F---rE!S F3 R MCRF

FFC-S .J I T-" SFEL. E: -LD i:!ILUI' I I'-U-I

EI - ECT7 RO(DE O F-! E3 3l

Diameter Transition Current (Amperes)

mm Steel Aluminum

0.8 1o 80

1.2 150 100

1.6 200 135

2.4 325 185

3.2 400 235
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Another transition occurs at even higher currents.

Lesnewich found that above a certain threshold current, the tip

of the electrode is bent and rotates around the axis of the

electrode. This mode of metal transfer is called "sp ir al or

"rotating" spray. It results in much spatter and is not usually

desirable. Lesnewich (73 proposed the following formula for

trans it ion from axial spray to rotat ing spray'-

DL

I = 25 + 1350 0 + 14.5 x - x 10

L

where I = the lowest current at which rotating spray is

produced, in amperes

0 = electrode diameter in inches

L = electrode sticKout in inches

Figur-e 11 shows the relationship between the two transit ion

currents and electrode sticKout for three electrode diameters.

4. WJelding Equipment.

At this point , some disuccsion of autoratic gas-reta. arc

weldirg equipmert is needed. The shielding gas, the consumable

electrode and the electrical power must be provided to the

welding torch in a coordinated fashi.,. The shielding gas is

usually provided by cylinders of compressed gas regulated to the

desired pressure and flow rate. It is channeled by means of a

gas l ine to the torch where it surrounds the arc and covers the
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molten weld pool. The consumable electrode is lead from a large

spool across motorized rollers which push the wire through a

condu it to the torch. The wire feed speed may be constant or

variable depending on the control system. In its simplest form,

the wire feed speed is set before welding and is maintained at a

constant rate throughout the process. Some synergic control

systems adjust wire feed speed as. a means of compensat ing for

variations in the joint to be welded. [123 At the torch, an

electrical contact provides current to the electrode. A balance

must exist between wire feed speed and electrode melting rate or

the electrode would feed to quicKly, piling up in the weld pool,

or too slowl y causing burn-back and damag ing the torch. To

provide this balance, a constant voltage source is used. The

potential drops in the leads and torch are fairly constant and

once the arc is establ ished and the plasma is near E ome

quasi-equil ibr ium, its potential drop depends only on arc

length. So a constant voltage means. a constant arch length for

a given current. The power s-ource adjusts the cur r ent to

maintain a given arc length (i.e. arc voltage). If the arc gets

too short, for a given torch height the sticKout will be greater

and this increases the electr ical resistance heat ing which

shortens the sticKout and lengthens the arc. Simultaneously the

shorter- arc causes the power source to increase the current and

this causes the melting rate to increase. If then the arc

length becomes too long, these processes reverse to decrease the

melt ing rate and increase the arc length so that a constant arc

length is. maintained. The most common set of weld ing conditions
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for gas-metal arc welding of steel is DC reverse polarity

(electrode positive) current with a shielding gas of argon plus

small amounts of oxygen. [13]

In an experiment, welding a steel plate with a 0.045 in.

steel electrode using DCRP and argon plus 2% oxygen as the

shielding gas at a flow rate of 40 scf/hr-, the welding voltage

was set at 30 volts. The wire feed speed was set at 240 inches

per minute because it was Known that this would result in a

current of around 220 amperes , a value very near the transition

current. What resulted was a demonstration of the transition

current and the manner by which the welding machine maintains a

constant arc length. The metal transfer would be in the spray

mode and the arc would becomre a little too long. The resulting

reduct ion in weld ing current would cause the metal transfer- mode

-to switch bacK to globular. The the arc would become too short

and the increase in current would cause spray transfer again.

The arc switched bacK and forth between globular and spray for

the entire length of the weld.

5. Prediction of the Fusion Zone.

The weld metal is defined as that region of the weldment

that has melted and resolidified during the weld ing operation.

The fusion 1 ine is the boundary between the weld metal and the

zone of metal, severly heated but not melted, called the heat

affected zone. An isotherm of temperature equal to the melting

temperature of the metal would exactly descr ibe the fus ion 1 ne
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Unfortunately, the heat transfer mechanisms at worK in this tiny

region are not completely understood and an accurate description

of this isotherm has so far eluded investigators. P.lthough

Christensen Ell] and Eagar [143 have made much progress in this

area recently.

Chr istensen , Dav ies and Gjermundsen E1l1 generalized the

temperature distribution equations deveoloped by Rosenthal and

others. They developed the dimensionsless coordinates:

v xa-a

._ V 7

2c

V R
p =

where V = travel speed

(x ,y ,z) = Cartesian coordinates rov irg with the heat source
i2

P (x ×2 'V 2 ,z Z >:'

S= average thermal d iffus iv ity

Similarly, the temperature rise was rendered dimensionless.

( __ T - T o

where Tn = melt irg temperature of the metal is. chosen as the

reference temperature
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Finally', they definted an oporating parameter, n, such that

Q V
n 4 WG2C}Y(TmTn ~ ~ ~ e r 2 ( -o)

where c = specific heat

r = specific gravity

These terms were introduced into the Rosenthal equat ion for

point heat sources moving across the surface of a semi-infinite

body:

T- 27TK R

where K = thermal conduct iv ity = (density) ,spec if ic heat)

The result was:

n p

Plots of constant 9/n in the range 0.001 to 100 are shown

in figure 12. Large values of O/n ind icate a h igh intensity

heat source and low weld speed. Small values of 8/n andic~te a

low intensity heat source and a high weld speed. The fusion

1 ine is located where 9 = I. The coordinates of the greatest

width of any isotherm in terms of the radius .)ector are given

by : ~- -2

1W- ='

mPin
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A direct relationship is given between the operating parameter

and PM

n :, e I.n C

The semi-circular contour predicted by these results was

not borne out in Christensen's experiments. These temperature

d istr ibut ions were determined to be accur ate at r anges far from

the source but did not adequately predict the fusion line, the

scatter amount ing in some cases to a factor of two . Chr istensen

did however have good results in predicting fusion zone

cross.-sectional area. Part of the problem in predicting fusion

zone shape is that the fusion zone is not large compared to the

heat source, the weld ing arc, as assumed in Chr istensen's

theory. Eagar and Tsai [ 14] achieved better results model ins

the heat source as a Gaussian curve instead of the point source

assumed by Christensen. Eagar and Tsai had good results in

pred ict ing +us ion zone area and width but exper ienced

considerable error in predicting depth. This was partly because

of the semi-i finite plate assumption. The rest of the error is

a result of depression of the surface of the weld puddle by arc

forces and convect ion in the weld pool . These mechanisms were

not cons idered in the models proposed by Chr istensen and Eagar.
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S. Penetration Mechanismn .

Heat flow models fail to adequately describe the shape of

the fusion zone bcause they do not taKe into account convect ive

flows in the weld puddle. The molten metal is depressed by arc

pressure and metal droplets impinging the surface. Radial and

circumferential flows are established in three dimensions.

These flow patterns are responsible for the deep "finger"

penetrations observed as well as other oddly shaped fusion

zones.

Essers and Walter [15], using a specially-designed

plasra-GMA welding torch and a water-filled calorimeter, were

able to isol ate and measure the heat transferred to the

worKpiece by each of the three najor sources of heat. They

found that, of the total heat transferred to the worKpiece, 34,.

(t3%) was transferred bv convection, radiation and conduction

from the arc, 4 1"/ (t3%) was transferred by the passage of

current through the wor.Kpice and 25% (_t5,;) was transferred by

the drops cf rrolten electrode. They also found that although

heat from the electric arc accounts for about 75"% of the heat

transferred to the worKpiece, it can have only a very l imited

influence on depth of penetration. High speed cinematogrphy

showed that each metal drop depresses or indents the surface of

the weld pool. If the drop frequency is higher than about 200

Hz, the indertation does riot have an opportunity to refill

before another drop str iKes it. So the drops impact the same

small crater and the heat carried by the drops is transferred
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efficiently to the bottom of the weld pool [15]. To increase

penetrat ion, f x p (frequency x momentum), or total momentum per

second, should be increased.

Other researchers such as Mills [163 and IshizaKi [17] have

also found that weld pool effects are most imrportrant in

determining fusion zone shape.. The flow patterns of the liquid

metal in the weld pool determine the depth and shape of the

fusion zone. If one were to take a bucKet filled with water and

direct a garden hose "jet" downward at the center of the bucKet,

one would observe the water. to flow downward in the center,

upward along the sides of the bucKet and radially inward at the

surface. If, on the other hand, a distr ibuted "s.pray" was

directed at the surface of the water in the bucKet, the bottom

would be undisturbed. LiKewise, Mills found that a constr-icted

heat source establ ished a circulation that travelled downward at

the center, radially outward along the bottom, upward at the

sides and radially' inward at the surface. This circulation

pattern causes much deeper peretr at ion than circulation that

travels radially outward at the surface. The latter can be

establ ished by a more distr ibuted heat source. IshizaKi found

that longer GTA arcs, subject to more spreading, resulted in

much more shallow, broader. fusion zones. Ar d shor ter-, more

constricted arcs produced deeper and narr ower fus ion zones.

A more recent study conducted by Or eper, Eagar and SzeKely

[18) discussed three s.ources of convect ive flow. Bouy'ant

convect ive flow is caused when the warmer, less dense metal in

the center of the weld pool rises and the relatively cooler,

44



denser metal at the fusion line sinKs to the bottom of the weld

pool (diffuso-capillary flow). Electromagnetic convective flow

is caused by the diverging current path in the weld puddle,

establishing a magnetic field which interacts with the current

and results in J x B (Lorentz) forces. These Lorentz forces

cause convect ive flow downward in the center, upward at the

fusion ine and radially inward on the surface ,thermo-capillary

flow). And surface tension drivern convection is a result of the

shear forces established by the temperature gradients. If the

surface tension increases with temperature, as in the case of

pure iron, diffuso-capillary flow results. If some impur it ies

exist in the iron and the surface tension decreases with

temperature, thermo-cap ill ary flow results. Thermo-cap ill ary

flow (downward in the center) results in deep penetration

whereas diffuso-capillary flow results in wide, shallow welds.

In the case of arc welding, bouvant forces are ver y small

compared to electromagnetic and surface tension forces. When

the e I ectrorriagnet ic and surface tens icn forces act in opposite

directions double circulation loops can develop. Oreper's

finite elements model showed these double circulation loops and

computed the magnitude of their velocities.

Lin and Eagar (1] observed depressions of the weld pool

surface over 4 mm deep and showed using calculus of variations

and measured values of arc pressure that arc forces alone could

not cause depressions of that magnitude. The model showed that

arc pressures could depress the molten speel surface only about

1.3 m. High speed photography of ox ide particles on the
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surface of4 weld pools showed circumferential vortex motions in

the liquid. Angular velocities between 20 and 30 r adians per

second were observed and good correlation was obtained between

theoretical depressions caused by s uch angular velocities and

actual weld pool depressions. Lin's "compound vortex model is

shown schemat ical I v in f i-ure 3.
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7. Summary.

The inmportant var iables in gas metal -arc welding affect the

rocess in the following ways [22]:

An increase in-- will cause--

welding current 1) an, increase in melting rate, and

2) ar, increase in penetration and

weld width.

arc voltage I) an increase in arc length,

2) an increase in weld width, and

3) possibly a slight increase in

peretration due to increased heat

input. But spread irg of the arc

due to its increased length tends

+oward less penetration.

electrode extension 1) an increase in melting rate, and

2) poSsibly les penetration in the

case where exce-si'.e melt-off

causes the arc to impinge the

weld pool instead of base metal.

electrode diameter 1) a decrease in melting rate,

2) a decrease in peretration due to

decreased current dens ity ,

3) an increase in weld width, and

4) poss iblv prcblems with spatter and

a "wandering arc".

welding speed 1) a decrease in penetrat ion.
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1. Compound Vortex in GTAW.

Ch ihosK i [25] found that in gas tungsten-arc welding,

penetration in steel increased gradually as the welding current

was increased for currents below 28A. Then, in the current

range 200 to 300A, a large increase in penetration was observed.

Above this, very 1 ittle increase in penetration was observed

from 300 to 450A and a gradual increase again for current above

450A. Lim l I] attr ibuted this increase in penetr at ion to the

formation of a compound vortex and the resultant surface

depression. Figure 13 shows the surface depression Lim found in

his worK on GTAbLJ of steel. In the current range 270 to 3130A, a

compound vortex formed cau..ing a marked increase in depression

of the weld pool . Upon reducing the current, Lim found less

current was reqtuired to maintain the vortex than to establ ish

it. KolodzieJczak 126] argued that in the current region 300 to

450A , penetr at ion remained constant because the weld pool had

already been depressed by the vortex much more than arc pressure

could, so the current is being conducted into the sides of the

cavity and there is insufficient heat delivered to the bottom of

the cavity to cause further melt ing. Above 450A, arc pressure

begins to dominate as the pr imary source of weld pool

depression. Sin ce arc pressure incr eas es with current,

penetration also increases..

This narrow current region causing a large increase in
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penetration proided hope that this phenomenon could be employed

in some manner to yield high penetration welds with low average

current.

2. Pulsed GMAW.

KolodziejczaK [26] studied pulsed gas metal-arc welding and

the effects of various pulsing schemes on penetration and weld

bead geometrv. A representative plot of current versus time for

pulsed GMAW is shown in figure 14. High peak current levels can

be used in pulsed GNAW while maintairn ing lower average current

by using a low base current. The lower average current rcsults

in lower- heat input and less metal depos it ion. To take

advantage of the compound vortex, the peak current must be

h igher than the threshold current and the durat ion of the peak

must be longer than the time required to establish the vortex.

Most of KolodziejczaK's wor-K was done at frequencies which

were too high to allow adequate time for the formation of the

vortex. Kolodz iejczaK sought to exploit other apparent

resonances in weld pool motion to achieve larger penetration 0

v a 1 u es.

3. Goal .

The goal of this wOrK, then, was to determine:

a) if the format ion of a compound vortex

results in the -same dramatic ircrease in
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penetration in GMAW as observed in GTAW,

b) the threshold current for establishment

of a compound vortex in GMAW cf steel ,

c) the time required to establish the

vortex at currents . above the threshold, and

d) a methodology for employment of these

findings to result in welds of increased

penetrat ion with little or no increase in

average current.

The last point is cons istant with the overall goal of a method

to deal with tacK welds that could be implemented by an

automated welding system.

It was disappointing that this goal could riot be met. It

will be shown that a compound vortex affects GAJ penetration

d iffert ly than GTAW peretr at ion.
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I. Experimental Apparatus.

All the welds were made by a stationary torch on moving

plates. The plates were clamped to a water-cooled copper table

moving at a constant travel speed perpendicular to the axIs of

the torch. (See figure 15.) Power was provided by two parallel

Mhiller Gold Star 600SS Power supplies through an Alexander Kusko

20KHz current regulator. A function generator sent a voltage

signal to the current regulator which magnified the signal by

100 amperes per volt and provided the current to the welding

torch. The voltage signal was also patched to an oscilloscope

so that the signal could be viewed and adjusted before welding.

All welds were performed with direct current, electrode positive

(DCRP) .

Mild steel wire (0.045 inch diameter) was provided from an

overhead reel by mean s of a low inert ia electr ic motor

controlled by a logic circuit based on arc voltage feedback.

Direct control of wire feed speed was not possible, so it was

measured Liith a tachometer at the dr ive wheel . Cool Ing water.

was requ ired for- the current regulator, the moving copper plate

and the torch. The shielding gas was argon with 2%X oxygen

provided at a pressure of 30 psig and a flow rate of 90 standard

cubic feet per hour.

The arc length was maintained at 0.5 inch for al l of the

constant current welds. fin opt ical system allowed view in; of
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the arc while welding. Once the welding began, the torch height

was adjusted to bring the arc length to 0.5 inch. The optical

system consisted of a Melles Gr iot 5 rr54 He-Ne laser spread to a

20mm beam illuminat ing the arc and provid ing bacKground 1 ight.

A series of filters and lenses including a neutral density

filter and a variable aperture, adjusted the ratio of back ground

1 ight to arc I ight. An RCA NewVicon color video camera then

sent the result ing picture to a small video monitor in view of

the operator.

Three sets of exper iments, were conducted on th is equ ipment.

The rationale behind each set of experiments will be discussed

in chapter five. What fol lows here is a descr ipt ion of the

exper imental procedures. The three sets of experiments

conducted were constant current experiments, "r arrped" current

experiments and low frequency pulsing experiments.

2. Constant Curr ent Exper iments .

A total of twernty-one welds were made, bead-on-plate, on

1016 cold rolled 12" x 4.5" ., 3/8" mild steel plates at a travel

speed of 10 inches per minute at var ious currents between 204

and 358A. Five or six welds were made cn each plate after

cool ig the plate to ambient temperature between welds. The

welds were each eight or. nine inches 1 or ig

Three transverse cuts were made in the central region of

the plates., away from the beg inn ings and ends of the welds. The

three cross -sect ions were ground, pol ished and etched with a 12
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nital solution. Three separate penetration measurements were

made for each weld and the results were averaged. Each

measurement had an accuracy of about O.25rrm,. Table 3 shows the

current, voltage, torch height and overall penetration for each

of the welds. During the second group of welds. , the voltage

meter was inoperative.

3. Ramped Current Experiments.

Three welds were performed with the current "ramped" from

200 to 380A. The signal generator was adjusted to provide a

very slow sawtooth waveform such that only one full oscillation

would be completed over the course of the weld. Since the

travel speed was maintained at a constant 10 ipm, the welding

current would be Known at every point along the weld. The plot

of current versus time (also current versus distanice) is shown

in figure 16. Maintaining the arc length at any given value was

riot possible for these welds. The increas ing curr ent and a more

or less. constant wire feed speed -esulted in less sticKout arid,

consequently, longer arcs at higher currents. These welds were

made, bead-on-plate, on 1013 cold rolled 12" x 4.5" x 3/8" mild

steel plates as before. These plates were cut longitudinally,

however, to reveal the center 1ine of the weld at all points

along the length of the weld. The plates were ground, polished

and etched with a 12% nital solution. The results of these

ezperiments will be di-cusc ed in chapter five.
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Table 3.

CC3 "SfTI:i "-T C R FR FR E- -r C: >< Er F I IZ E-4ETS

Weld Current Voltage Torch Height Penetration

No. (mps) (Vol ts ) (c m) (mm)

1-1 251 31.9 1.4 3.1

1-2 275 34.4 2.1 3.4

1-3 301 36.0 2.0 3.6

1-4 321 35.6 1.9 4.4

1-5 295 34.6 1.7 4.1

1-6 268 35.1 2.6 3.4

1-7 329 36.2 1.6 4.2

1-8 311 35.4 1.8 4.0

1-9 285 35.5 2.2 4.1

1-10 261 32.4 3.4

1-11 243 31.4 1.4 3.1

2-1 300 1.7 4.1

2-2 224 1.5 2.5

2-3 328 1.4 4.4

2-4 348 1.3 4.7

2-5 279 1.7 3.7

2-6 217 1.7 2.6

2-7 358 1.2 4.1

2-8 341 1.3 4.3

2-9 236 1.7 2.8

2-10 204 2.1 2.4
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4. Low Frequency Pulsing Experiments.

Two final welds were conducted using very low frequency

pulsing. These welds were made, bead-on-plate, on 1018 cold

rolled 12" x 4.5" x 3,/8" mild steel plates just as before. The

PeaK current was set at 650A and the base current was set at

200A with a 50 percent duty cycle. This resulted in an average

current of 425A. Initially the torch height was adjusted to

render a voltage of 36V and the travel speed was set at 17ipm so

that the total heat input would be less than 55 KJ/in.

Unfortunately, this resulted in burn-bacK and severely melted

the copper contact tip inside the torch. Raising the torch

allowed welding to proceed but the results were unsatisfactory.

The two welds were at 30Hz and I1Hz. Traces of the current

versus time for these welds showed that the current dropped way

off at the beginning of the pulse without ever reaching 650A arid

began to recover near the end of the peak pulse. Ind icat ions

were that dynamic inter act ions. between the inductance of the

power supply and the capacitance of the current regulator may

have been responsible for the problem. KolodziejczaK 1261

experienced similar problems on the same equipment. Time was

not available to isolate the problem and correct it in order to

conduct the exper iment over. The extrerrs torch height made th is

an infeasible method anyway, due to extreme spread ing of the

arc. A higher speed wire feed motor would have been required to

lower the torch to a reasonableI he ight without burn-bacK. A

higher speed motor was available but it was incompat ible with

59



the current regulator which was required to generate the square

wave pulsed current. For these reasons the experiments were not

conducted again.

As welded, the penetration was .)ery minimal , averaging only

1.25rmn. To avoid stubbing and burn-back with the torch at a

reasonable height, a very responsive, high speed wire feed

motor, with arc voltage feedback control wnuld be required. The

difficulty arises from having such a large variance between the

peak and base current values and welding at such low

frequencies.
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1. Initial Objectives.

The first two object ives stated at the end of chapter 3

were the determination of whether the compound vortex results in

a substantial increase in penetrat ion and what threshold current

is required to establish a compound vortex in GMA-W. In order to

accompl ish these objectives, twenty -one constant current welds

were made. The resulting penetration was measured and plotted

versus current in figure 17.

If the compound vortex behaved the same in gas metal -arc

welding as in gas tungsten-arc welding, it was. expected that a

large increase, on the order of 1.25 mm [25), in penetration

would occur around 250 to 230 A. Figure 17 shows no such

sudden increase. What it does show is a gradual increase in

penetration throughout the range of currents tested.

So at least the first objective had been obtained.

Unfortunately, the result was that the compound vortex behaved

differently in G1AW than in GTFiW. Either the compound vortex

did not form at all in this current range or the for mat ion of

the compound vortex did not r esu It i, a large incr ease in

penetration. To gain some insight into th is matter, another

measurement was made on the weld bead cross-sections. Figure 18

shows a nominal weld cross-section. If A represents the overall

penetration, then call B the "finger" penetration. The finger

is that portion of the weld bead that extends down below the

more or less semicircular region. The semicircular region might
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Figure 17. Plot ofE Penetration versus current for the constant
curr ent exper. iments.
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Figure 12. Diagram o+ weld cross sect ion show ing ,A) total
penetrat ion and (B) f inger- penetrat ion.
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be thought of as that region of melting due to conduction heat

transfer and the finger is due to convection and weld pool

mot ior,. It should not be misconstrued that these two heat

transfer processes are independent and the total penetrat ion

could be obtained by summing the individual conduction and

convection solutions (even if a convection solution existed,

which at present it does not). If a (convection) heat transfer

coefficient could be determined, by definition it would include

both the conduct ive arid convect ive mechanisms. The f inger

howeuer , would riot exist if convection and weld pool mot ion did

not occur. A sharp incr ease in finger penetration, in the

current range of interest, would indicate the presence of the

compound vortex. Figure 19 shows the results of the finger

penetration measurements. Again, a steady increase is present

instead of a large step that might indicate a threshold current.

2. Discussion of Results.

As current is increased, the penetr at ion ircreases

gradually over the ent ire range of currents tested. Further,

the growth in the finger is. also gradual over the entire range

of currents. In fact, figure 20 shows that the growth in the

finger accounts for nearly all the increase in penetrat ion. The

difference in the two curves in figure 20 results. from growth in

the conduct ion heat trans fer due to the increase in heat input

But this growth is very smal l compared to the growth in f inger

penetration. So it is clear that weld pool mot ion in some form
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resulted in doubling the length of the finger while the depth

of the semicircular region remained fairly constant.

The obvious candidate is the compound vortex. The gradual

increase in penetration indicates that initially the vortex

either partially forms or is disrupted by impact ing metal

droplets with no angular velocity. Then, as current is

increased, the vortex is strengthened and enlarged as the weld

pool grows in volume, so the impacting metal causes less

disruption. The result is that instead of a sudden increase in

penetration when the vortex is established as in GTALW,

penetration, especially finger penetration, grows gradually as

the vortex grows in strength and influence. To test this

hypothesis another welding experiment was conducted.

3. Observations During Ramped Current Experiments.

The signal generator was adjusted to provide the slow

sawtooth wave shown in figure 16. By allow irg the curr ent to

increase in a continuous manner the weld pool depression could

be observed. Also, by maKirg a longitudinal cut to reveal the

centerline of the weld, any sudden penetration increase would be

clearly displayed. The results were plotted on the same graph

as the constant current welds and are displayed in figure 21.

The penetration values obtained fr-om the r amped current

exper-iment are represented by the almost 1 inear curve (with no

points) that falls between the overall penetration and the

finger penetration. The fact that the arc length grew larger as
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the current increased; allowing more spreading, explains why the

ramped current experiment resulted in less penetration than the

constant current experiments where the arc length was Kept

constant. It is interesting that since the arc s.pread ing

reduces the penetr at ion due to conduct ion, the penetr at ion

obtained in this experiment grows at approximately the same rate

as the finger penetr at ion.

The other important observat ion dur ing the ramped current

experiments was related to the weld pool depression. As the

welding current increased, the weld pool could be seen to

fluctuate around 240 to 260 A, as if the vortex was alternately

formed and extinguished. Then, at around 270 to 280 A , a

distinct depression in the surface of the weld pool could be

observed. Ft higher currents , the depress ion cont inued to grow

in depth and become more distinct.

It appeared that the compound vortex began to form in the

same general current range as in GTAW but that impacting metal

drops with no angular veloc ity disrupted the formation. Ais the

vorte< strengthened with increasing current and the weld pool

grew, the vortex form ed and began to depress, the weld pool

surface. This resulted in an increase in penetration. But this

increas in penetr at ion did not occur over a short current range

as in GTA . A current increase of 100A (250 - 350A) resulted in

about a 1.25m increase in penetration. Another factor to

cons ider was that th is growth in penetrat ion was due almost

ern t irely to the growth ir, the f iniger . Th is may not be

des ireable in many weld ing geometr ies
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Refering again to the objectives stated in chapter 3, the

first two had been obtained. It had been determined that the

vortex behaved differently in GMAW than in GTAW but that it did

result in an increase in penetration. The relationship between

current and the formation of the vortex was also different in

GMAW than in GTAW. No threshold current existed. The vortex

began to form around 240 - 260A and was probably fully formed

around 280 - 300A. It was clear that the third objective, that

of determining the time required for the vortex to form, would

now be very difficult to meet. Since there was no clear

threshold current above which the vortex operated and below

which the vortex did riot. Also, the penetration measurements

did not clearly show when the vortex was fully established and

when it was riot. So determining the t ime required for vortex

formation was abandoned in favor of attempting to develop some

method for employment of this mechanism.

4. Pulsing Strategy.

Pecall ing the problem of deal ing with a tack weld by some

automated system, it was desired that a sizeable increase in

penetration could be real ized with no increase in metal

deposition and no increase in heat addition. Metal deposition

and heat input are contr 011o ed by current. So it was attempted

to invent a pulsing scheme that had a low average current and

yet took advantage of the compound vortex for increased

penetration. It was clear that to penetrate up to lrri of tacK
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weld, a high peak current would have to be used and that the

peaK period would have to be substantial. To bring the aver age

current down, a fairly low base current would have to be used

and the base period would have to also be comparable to the peak

per iod.

The experiment took the form of two welds using a square

wave with peak current equal to SS0A and base current equal to

200A. The peak period and base per iod were equal (50% duty

cycle) resulting in a average current of 425A. A direct current

weld of 425A was also conducted for comparison. Two frequenc ies

were tested, 30Hz and 10Hz resulting in 16.Tms and 5 ms peak

periods respectively. It was attempted to adjust the voltage

and travel speed so that the total heat input would be less than

55 kJ/ir-. (For many. steels currently used in the construction

of naval ships, heat input above this level requires spec ial

procedures and special qualifications for the welder.)

Unfortunately this resulted in burn-back since the wire feed

mc. tor was. not fast enough. Pais ing the torch resul ted in

unsat isfactory spreading of the arc and veryv poor penetrat ion

resulted. Additional pr ob erns encounter-ed are discussed in

chapter 4. Al though success was not ache ived in this

exper iment , low frequency pu 1 l ing warrants further study.
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1. Conduction Solution.

Rosenthal 's, [27) equat ion for a mov ing Poirnt source of heat

on a semi -ifin ite bod5y is givjen irn sect ion 5 of chapter two.

His ass umpt iorns were'

a) the thermal conduct iv ity , specific heat

and thermal diffusivity remain ccorstant and

are independent cf temperature,

b ) the heat input and the travel speed of

the source are constant,

c ) the source of heat is very small in size

compared to the r eg icr of inter es-t so as to

be cons idenred a poirnt source of heat,

d) convect ive arid radiat ive heat fl1c'wE ar e

neglIected , arid

e ) the prcoce Ss h as r eac h ed a quas i -s teady,

st ate orn a s emni- irif in ite med ium.

The l as t as sumpt ion pr cv ides. t h at ev-je n t h ou qh the

temperature -fiel1d is charnging with time, the heat source is also

moo ing arid the temperature -field is steady with respect the heat

source. The coordirnate parallel to the direct ion of motion X.),

then can be converted into time by dividing t,;, the trav~el speed.

It is as if a ther mal "snapshot" is taver cf te wnk ee a

the arc Passes by.



r

Eagar and Tsai [143 real ized that the source of heat was

not small if the the region of interest was the fusion zone.

Their model us.ed a dis.tr ibuted heat sour ce appr ox irnated by a

Gaussian function with standard deviation s.

q
T-T = 

0 1 /'2
Pi x Ro x C x (4 x Pi x a)

t -1/2 2 2 2 2

(t w + Y + 2wvt'' + Y t'' z
. . . eKp dt'

-2 2O

0 2at' + s 4at' + 2s 4at

where t' = the integration var-iable

w = distance in the K direction in a rnov irng coord irate

system w = x - vt

v travel speed of the arc

y distance horizontally perpendicular to the direction

of travel

Z - distance measured vertically from the plate surface

q = ret heat input Per unit time (power)

Pi = 3.1415326536

Po = mass density

C = specific heat

a = thermal diffus iv ity

S = arc d istr ibut ion par ameter

T = local temperature

To = initial temperature
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This model was used in a computer program (Appendix A).

The user inputed material constants, welding parameters, the

ty-pe of "cut" desired (longitudinal or transverse) and where the

cut was desired in relation to the arc. The program adjusted

the values of w, y arid z in Imm increments. and calculated the

integral shown above by means of a twenty step Simpson's Rule

process. Two virtual heat sources were added to approximate a

finite plate instead of the semi -inf in ite plate assumed by

Rosenthal.

The number of Simpsc r, 'r Rule steps ad the number of

v irtual sources was determined by- try ing several comb inat ions

and settl ing on a compromise of accuracy and program run t ime.

The result obtained using twenty steps differs from the r esult

obtained using l@ steps by less than three percent. The result

obtained us ing two reflected sources differs from that us ing

three sources. by less than one percent. Some of the file

commands and print statements in th is program rray be unfami 1 jar

because the program was. wr itten to run on a Commodore 64C

computer.

A sample of the output fr om th is pro gr-am is g iven in

Appendiy B. The data obtained from this program could be used

to study the size of the fusion zone by examining the iscitherm

1 ine equal in temper ature to the melt ing temper ature of the

steel . The heat-affected zone could also be studied by locating

the isotherm 1 ine of whatever temperature is determined to cause

degradation in the properties of the steel . Ccol ing rates could

be determined as we 1 _ irce the x coord irate funct ions as a tire
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variable. In this study, only the size of the fusion zone is of

interest. The longitudinal cut was used to determine the

maximum depth of the +us ion zor,. The transverse cut showed the

basic shape of the fusion zone.

2. Comparison with Experimental Results.

The welding parameters for welds 1-1 and 1-2 were input

into the computer progr am and the output data were plotted in

figures 22 through 25. The melting temperature 14' mild steel is

shown as a dashed line at 1539 degrees Celcius. Figures 22 and

24 show that the maximum depth of penetrat ion occurs 0.6cm

behind the arc. In weld 1-1 the max imum penetration is between

the surface ,z=O) temperature curve and the 3rm temperature 0

curve. Interpolation of the data result in a penetration of

1.3mm. The max imum penetr at ion for weld 1-2 is 4.4rmm. The same

Procedure waS carr ied out for other weld irg currents and the

results were plotted in f igure 26 alorg with the exper imrental

results.

It is. clear- from figure 26 that the predicted results do 0

riot agree very well with the experimental results. r review of

the assumpt ions made by Rosenthal reveals that even us ing a

distributed s-ource and a finite plate , there are two verv

important faults w ith the theory. The first is that the

mater ial properties of the plate do not remain constant as the

temperature increases. Find seccndly, convect ive heat transfer S

is very i mpo r tart to the prc, ce_ . ddit icnallv riot all of the

7.5
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heat applied to the Plate can be used to raise the temperature

of the weldment. Since there is a change of phase (so1 id to

1 iqu id ) some heat is l.st as heat of f _us ion. These factors

combine in a way that is rot clear to change the s ope of the

current versus penetration curve. Another potential source of

error is the calculation of the heat input to the plate.

Appendix A and reference IS] show that the product of arc

voltage and arc current i s multipl ied by an arc efficiency

factor to determine the amount of heat appl ied to the plate.

Th is arc eff ic iency is a sumed to be constant when in fact it is

a function of current. Reference [6 1 shows a plot (f ig. 6. 17 pg

164) of decreasing arc efficiency with total input power . Fin

arc efficienc; that is decreasing with current would help reduce

the discrepancy between predicted and exper imental r e ul ts in

figure 26.
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F igure 22. Plot of 1long~itud inal temperature dis~tri2but ion for
weld 1-1 predicted by the computer model.
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Figure 23. Plot of trarsverse temperature di str ibution for
weld 1-1 predicted by the computer model.
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wel1d 1-2 pred icted by the computer model
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W I I CON-CL.Uis I C'fNS

1. Compound Vortex in GMAW.

UnI ike gas tungsten-arc weld ing where increased current

brings about a sudden, very large increase in Fenetrat ion when a

compound vortex is ertabl ished, increased current in gas

metal -arc welding causes. a gradual increase in penetration

through the range where a vor tex starts to for-m, forms

completely and becomes very strong. Metal droplets from the

electrode that impact the weld pool have no angular velocity and

therefore have a disrupting influence on the vortex. When the

current is low and the vortex is. weaK, these droplets do not

allow the vortex to form completely; so the resulting

penetr at ion is not as great as might have been expected. Fis the

current becomes larger, the vor tex becomes stronger and can

impart antgular momentum to the impact ing droplets with less

disruption . The resulting pe ietration is greeter. Final y,

when the cur rent is. large enough, the vor tex is very strong and

results in deep weld penetration.

2. Growth of the Finger Penetration.

r-is curren t is increased and overall weld penetration

becomes larger, rear lV all of the growth in penetration is a

result cf the growth in the finger penetr atIon see figure 13).

Figure -0 shows that the f irvger penetrat ion grows nearly as fast
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as the total penetration. The result is a nearly constant depth

for the "sernic ircular " reg ion wh lie the f inger grows to over

half of the total penetration. In many jo int geometr ies this

is not a desireable result. The narrow finger may not fill the

bevel for instance, and cause incomplete fus ion.

3. Distr-ibuted Source Conduction Soluticrn.

The computer model used produces results that are of the

right magnitude. But the predicted penetration grows too

rapidly as current is increased. The ass umpt iorns of constant

mater ial propert ies and no convect ion as well as the use of a

constant arc efficienc, are responsible for the discrepancy.

4. Increased Persetrat ion.

In order to real ize increased penetration, a s igrif 1cantly

larger arriount of heat rrus t be added to the plate. I-n at tempt

was. made to use a high peak. current balanced ty a low base

current so that the process Ijould have the adantage of a

current ard yet still have a low a,.,er age heat input. The

atterrmpt failed due to equipment def ic lerc ies but the concept

still has mer it.

inocther , pC, s Ib ly eas ler wa-. to ache i''e penetration

through a tacVk weld without add it ional metal deposit ion would b e

the 11-e c 4  a second , rior,-cc r urr, at, le arc ir the area cf the tacK

Lweld. It ' ecomrer, ded fcr further stud';.' , that the use of a
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second (possibly GTA) torch be tested on tack welded plates to

determine the feasibil ity of its use and its most ideal location

with relat ion to the GM torch.

SI
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SPRINTTEMPERATURE FIELD PRODUCED BY A DISTRI-

160 PRINTBLTED HEAT SOURCE TRAVELING ON A FINITE 

165 PRINT"PLATE. THE FORMULATION OF THIS SOLUTION"

170 PRINT"IS FROM A P PEP BY T.W. EAGAR AND

-173 PRINT"N.-S. TSAI (WELDING JOURNAL, DEC, 1987

174 PRINT"RESEARCH SUPPLEMENT, PP 346S-355S.)

I175 PRINT:PRINT:PRINT

180 PRIt,[T"IT WILL STORE TEMPERATURE DATA IN YOUR

181 PRINT"DATA FILE. WHAT IS THE NAME OF YOUR

1S3 INPUT"DATA FILE";B$

190 PRIrIT CHR$(147)

200 A=.147:PO=7.833:Kl=.54

210 V=21: I=251:ETA=.75:Vl=10

220 H=.9525:TJ=20:SIGMA=. 188-7

270 OPEN 3,8,3, "'@0: "+B+",S,w"

280 DIM TT(60,20):OD1tM, M(20)

300 INPUT"DO YOU WANT TO PRINT OUT THE TEMPERATURE DATA";PPs

310 IF PPS="N" THEN 490

410 OPEN 4,4

4 80 OPEN 2,4,2

430 OPEN 1,4,1
4305

,,
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450 U=w"99.9 9999 9999 9999 9999 9999 9999 9999*

455 US=U*+' 9999 9999 9999*

4610 PR I tT#2,US

490 GOTO 540

495 PRINT CHR$( 147)

497 RE** ******.**~ *AEMETHL PARAMETERS**** ******

500 INPUT"THERMAL DIFFUSIVITY (CMt2/'S)";A

5 10e INPUT"MIASS DENSITY (G/-CMt3)";RQ

520 INPUT"THERMAL CONDUCTIVITY (14/CM DEGREES C)";Kl

54.0 PRINT"THERMAL DIFFUSIVITY =;;"1CMDEGREES C)"

550 PRINT"MASS DENSITY =';RO; "(G/"CM13) p

560 PRINT"THERMAL CONDUCTIVITY =";Ki; "(14/CM DEGREES C)"

562 K=IE+7*K1:REM--THERMAL CONDUCTIVITY (G CMy'St3 DEGREES C)

565 CP=K,/(A*RO): REM- -SPEC IF IC HEAT (CM12'St2 DEGREES C:)

570 INPUT"ARE THESE VALUES CO)RRECT',-Z$

580 IF ZZZ="N" THEN 495

583 REM

584 REM

585 REM

590 GOTO 650

595 PRINT CHR$( 147)

597 REMl**********************t**WELD4G PAPAMETERS* ******

600 INPUT"VOLTAGE (V)",V

605 INPUT"CURRENlT (A) "; 1

610 INPUT"ARC EFFICIENCY";ETA

625 IrIPUT"TPAVEL SPE-;DIN'I~'''
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635 INPUT"PLiAITE THICKNESS '(2CM MAX)";H

638 lIPUT'INITIO L TEl'lERATUPE (CELSIUS)";TN

645 INPUT"ARC DISTRIBUTION PARAETER;SIGMi

650 PRINT'VOLTAGE =";V;"(VY"

655 PRIN1,T'CURRENT =";1" (Ai)"

660 PRINT"ARC EFFICIENC:Y =';ETri

665 PRINT"TRAiYEL SPEED =;1"I/I)

67e0 PRINT"PLATE THICKNESS z";H:":'CM")*

672 PRINT"INITIAL TEMPERATURE =';TN; "DEGREES CELSIUS)"

674 PRINT"ARC DISTRIBUTION PARAMETER =",SIGMA

675 INPUT"ARE THESE VALUES CORPECT";ZZ$0

680 IF Z=" THEN 535

681 O=V*I*ETAtREM HEAT ItIPUT (J./5')

682 Q=16+7*0 PREM HEAT INPUT(G CM'2/St3)

683 %.S=V1*2.54/60:PEM TRAVEL S:PEED,:CM,'S)

685 T=20:PEM' INTEGRATE OVER 20 SECONDS

698 R EM,

633 FcRlrfT C.HFS'14-7)0

700 INPUT"LONGITLIOINAL OR TRANSVERSE t'L OR T)".:fY

705 IF YY-$l="L" THEN 800

706 IF (rY$E="T" THEN- 710

707 GOTO 700

710 PRINT "TRANSVERSE SECTION"0

715 IN-.PUT "X--DIST(4NCE INl C1M OF SLICE FROM THE ARC -:+ AHEAD,
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-BEHIPC)";X

728 PRINr'X-DISTANCE =";x;"CM ":INPUT"IS THIS CORRECT <Y OR

N) Z ZS

725 IF ZZS="N" THEN 716

730 ZT=INTCI1wtH):REMv 1MM INCREMENTS

735 FOR ZS=0 TO ZT

740 Z=ZS*.1

745 FOR YS=0 TO 40

750 Yf=YSw.1

760 60T0950?REM4***.****4.**4*****TO SIMPSON'S INTEGRAiTION ROUTINE

0765 TT(YS,ZS)=THETA+TN4

770 NEXT YS

730 NEXT ZS

790 G0T02000

794 REM

735 REM

736 REM

739 RE* ******** n 4*LN U A ECT I ONt* 4

800 PRlINT "LONG OITUDI INAL SECTION"

305 INPUT "Y-OISTANtCE (INl CM1) OF SLICE FROM THE ARC

CENITERLINE".Y

310 PRINfT"Y-CIS-:TANiCE =" :y;"CMl ": INPUT" .3 THIS CORRECT KY OR

511 IF Z=""THEN 3E 00

312 PPINIT"AREAi OF CAiLCULATIONl 1S 3 CM LONG IN THE X DIRECTIONr.

INPUT FOP~~RWV3ROOT"



813 I?'FUT*X COORDINATE (+ AHEAD OF ARC, -BEHI!NU)"X0

814 PRINT"X COORDINATE GOES FROM";XO; "CM TO ' XE6-S; "CM

(+ AHEAD OF ARC)"

815 I'UT"IS THIS CCORREC.T (Y OR N)";ZZS

86 IF ZZ$="N" THEN 812

820 ZT=INT(10*H):REM 111M INCREMENTS

325 FOR ZS=0 TO ZT

330 Z=ZS*.1

835 FOR XS=0 TO 60

340 X=>'0-)-3*.1

842 00T0350:REMW************WTO SIMPSON' S INTEGRFAT ION ROUTINE

844 TT(XS,'17)=THETiA+TN

345 NEX<T XS3

846 NEX~T ZS

847 GOTO 2100

843 REM

350 RN*** **.***w **BEG IN IHTEGR~iTION SUBEROUTINE*.**

370 OT=T/'20 :REM*************OIVIDE TIM'E INTERYiL INTO 20 PARTS

330 REM ***S3IMPSON'S RULEINGRL*.w***w*.****4.

285 1 N=0: N=0

887 N=N4-1

390 FOP Xs:=O T012 STEP 2

900 TO=XX*.OT

905 Tl=-:XX+1)*OT

SC3 IF TO<,)0 THEN 910:PEMy *********ZEROTH V-) LLIE 13 EQUHiL TO 0]

809 Do=e:GOTO 330
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p910 EO=( X2Y22X*ST+~2TO2/4 TO2SG~2)+

(Zt2/(4*A*TO))

920 D0=EXP(-E0)s(T-.5)/2*A*T+SGvit2)

930 E I=( (Xt2+Y12+2*X*VS*T I+VS I'.'*Tt)/*A *T I+2*S I Gt,"2) )+

940 01=EXP.-E1 )*(Tlt-.5)/(2* *Tl+SIGMt:vt2)

950 DI=D0*2+OI*4

980 IN=JN '-+DI

990 NEXT XX

1000 TO=OT*20:REMy***w* .******.****w*LfiST ELEMENT IN SIMPSON SUM

1005 EO=<( 'l''22,'*V*OVt*Tt)'4 .*O2S~ri2)+

1010 E'0=EX-P( -EO)*(T0t-.5),/(2*r*T0+SIGMAt2)

1020 IN= IN+D0

1023 IF N)I THEN 1025

1024 Z=2*H-Z :G0T0987

102 5 IF N'2 THEN I1030

1026 Z7=2*H+Z7:GOTOSB7

1036 IN= I N *0T/3

1050 THETA=INOPIPO*P.* ~)t.5

1055 IFrYS='L" THEN 844

1995 RE******.*.*~** ********-***RITOUT

2000 IF PPF'$="N*THEN2200

2001 PRINT#4,'TPFINSVERSE SECTION AT X< ='X:PPIN4T#4PRNT#4

2002 PPINT#4,"Y ,2 Z=o Z=0. 1 Z=0.2 Z=0.3 .-=0.4 "

2002 PPINT#4,"Z=0.5 -7=0.6 2=0.7 2=0.6 Z=0.9":PRlrJT#4



2885 FOR YS8O TO 40

2807 LztYS*.l

2010 FOR ZS=O TO 9

2020 M(ZS)=TT(YS,Z-S)

2030 PRIttT#4,TT<YS,ZS)

2050 NEXT ZS

2060 PRINT#1 ,L;Ml(0);M( 1);M(2);M(3);M(4);M(5);M(6);M(7);M(8,;M<9)

2070 NE XT YS

2072 PRItIT#4,"Yr /Z 2=0.1I Z=1.1 Z=1.2 Z=1.3 Z=1.4 '

2073 PRIN1T#4 "Z=1.5 Z=1.6 2=1.7 Z=1.8 Z=1.9":PRINT#4

2075 FOR 'YS=O TO 40

2077 L=YS*.1

2080 FOR 23=10 TO 13

2035 M(ZS)=TT-,YS,ZS)

203S2 NEXT 23S

2e36 tNE XT YS

2100 IFPP$= 'N"THEN2200

2101 PPINIT"4,"LONGITUOINAiL SECTION (AT Y ";Y:PRlNT'4:PRINT#4

2102 PRINT04,"Y /"Z 2=0 2=0.1 Z=0.2 Z=0.3 2=0.4 "

2103 PRINIT#4r'Z=0.5 2=0.6 Z=0.7 2=0.3 Z=0.3":PPINAT#4

2105 FOR X30O TO 60

210? L=X0-XS*.1

2110 FOR 23=0 TO 3

2 120 M CZ )=TT(X S,2S



2130 PRINTN3,TT(XS,ZS)

2150 NEXT ZS

2160 PR INT#1 ,L;M0);M( I ;M(2;m3Mql4)tyi5)M'v(s;M(7M ):m(9)

2170 NEXT XS

2172 P RI NT# 4, IXz 2=1.0) 2=1-1 2=1.2 2=1.3 2=1.4

2173 PRINT#4,72=1.5 2=1.6 2=1.7 2=1.6 Z=1.9":PRINT#4

2175 FOR XS=0 TO 60

2177 L=XO-XS*.1

2180 FOR 25=10 TO 13

2185 M(ZS)=TT(XS,2S)

2192 NEXT 25S

2194 PPINT# 1,L; M( 10);M( 11); M(12); M( 13); 1( 14); 1( 15); M( 16); M( ,17);

t'1(16 ); i(19 )

2196 NE XT X S

2200 FOR'ZS=OTOZT

2210 IF Y(Y$="L"THENJ2220

2215 00=40: G0T02230

2220 00=60

2240 FOR XS=OTOQQ

2260 PRIN4T#3,TT(XS,25)S

20 NEXT XS

2280 NEXT 25

2230 CLOSE 1:CLOSE 2:CLOSE 3:CLOSE 4
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2. Program Explanation.

Lines 140-175:

Clear the screen and prints a mes.age.

Lines 180-183:

Prompt the user for the name of his data file and puts

it into the string variable, B.

Lines 190-220:

Clear the screen and assign initial values to the

thermal diffusivity (A), mass density (RO), thermal

conductivity (KI), voltage (V), current (I), arc

efficiency (ETA), arc travel speed (VI), plate

thicKness .H), initial temperature (TN) and arc

distribution pararreter (SIGMhr).

Line 270:

Opens the data file.

Line 280:

Dimensions the temperature arrays.

Lines 300-460:

fASK the u.er if he wants the data pr inted on the

printer in addition to recording it in his data file.

If the answer is anyth ing but "N", it opens the pr nt

files. The first file (#4) is the verbatim file.

Anything printed in file #4 will be pr inted verbatim.

The second file 'W2) is the format file. The

character s pr inted in file #2, in l ines -450-460,
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format the Commodore 802 pr inter so that anyth ing

printed in the third file (NI) will be printed in that

f c orma t

Lines 4q0-580:

Initially skip the input and pr int the current values

of the Base Metal Parameters. Line 570 aslVs if these

values are correct. If riot, l ine 580 branches back to

allow the input of new values.

Lines 582-585:

Remarks.

Lines 590-630:

Perform the same funct ion as 1 i res 4sE-58 0 for the

Welding Parameters.

Lines 681-639:

Calculate the heat per unit time actually' applied to

the plate. The arc efficiency was obtained from

reference 16] page 164. Line 6 2 converts Q to the

r ight units and 1 ine 683 converts the tra,el speed

from ipm to cmn/s. Line 625 sets the time over which

the integration will take place.

Lines 700-709:

,Allow the user to select a longitudinal cut parallel

to the direction of travel or a transverse cut

perpendicular to it.

Lines 710-796:

Set up the location identification for the transverse

cut. LineS 715-725 allow the user to input the

34



location of the trarsverse cut. Line 730 sets ZT

equal to the th IcKness of the plate in integer

millimeters. Line 735 is the beg irn ing of the loop

for the z d irft s ion rfieasur ed down from the sur face of

the plate) ard 1 ine 740 causes Z to be in cent imeter.

Line 745 is the beg inn ing of the loop for the y

dimension ,0 to 40mm) off thte center I ine of the wel d.

Line 750 causes Y to be in centimeters. Line 760

branches to the Simpson 's Rule Integration routine.

The result is THETA = T - TN, so the initial

temperature is added in I ire 765 to get the

temperature at that location. Lires 770 and 780 arq

the ends of the nested loops and line 790 branches to

the output.

Lines 79-849:

Set up the location identification for the

longitudinal cut. Lines 805-311 allow the user to

input the distance c.+ the longitudinal cut from the

center line of the weld. Lines 312-316 allow the user

4
to select the location of the 6cm :along the length of

the weld) or which temperature calculations, are to be

conducted. Line 820 sets ZT equal to the plate

thic 'ress in integer millimeters. Line 825 is the

beg inr ig of the loop for the z d imers icn rmeazur ed

down from the surface of the plate) and 1 ine 830

cor, erts iz r, t:, cer, t imeter . Lire S35 is the

begi-rn ing of the orop for the .d imers o, reasured



from the x location input in I ine 813). Line 840

converts x into cent irneters and starts the measurement

at the x value input in 1 ine 813. Line 842 branches

to the Simpson's Rule Integration routine. The result

is THETA = T - TN so the initial temperature is added

in 1 ine 844 to get the temperature at that location.

Lines 845 and 846 are the ends of the nested loops and

1 ine 847 branches to the output.

Lines 850-1060:

Are the Simpson's Rule Integration routine. Lines

850-890 divide the time interval into twenty parts,

set the sum (IN) and the counter '(1) to their in it ial

values and start the loop. Lines 300 and 905 identify

the ends of the incremental time element. Lines

308-909 handle the case when TO equals 0 and avoids

divis ion by zero. Lines 310-340 calculate the partial

sums of the integral using the equation from chapter

6. Lines 350-380 apply the Simpson's multipliers and

increase the value of the sum (IN). Line 990 is the

end of the intrgr al loop. Lines 1000-1020 calculate

and add the last term in the Simpson's Rule expansion.

Lines 1023-1026 add the virtua heat sources at H

below the plate and 2H above the plate (,where H is the

plate thicKnesz ) and superpose the solutions. Line

1030 completes the Simpson Integr at ion. Line 1050

multipl ies the result hy the constants .n front cf the

integral sign <see the equat ior, in chapter G). Lires
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1055 and 1060 return to where the subrout.ne was

called. NOTE: Originally GOSUB/qRETURN statements

were used but these tae more computer t im so GOTO

statements were used instead.

Lines 1935-2290:

Are the output sect ion. Since much of the output

prograrmrming is computer specific and ins general for

cosmetic purposes only, it will riot be discussed ir

depth. It suffices to say that the program prints out

* the temperature data if that was. desired and records

the same data in the user 's data file. The last I ine

closes all the files. tc avoid data loss.
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B. COMPUTER PROGRAM OUTPUT

WELD 1-1: 251A, V=21V, Arc Ef.=0.75, TS=lipm, Plt Thk=.S5cm

Initial Tenp.=20 deg.C, Arc Oist. Parameter=0.18837

(cm) Y = 0cm (Weld Centerline) Max. Penetration =0.13cm

Z = 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9'

------------------------------------------- ----- ----- ----- ----- -----

1.0 110 110 109 106 102 97 93 89 87 85

.9 146 146 144 139 133 126 120 114 110 108

.8 194 194 190 183 174 164 155 146 140 137

.7 257 256 250 240 227 213 199 187 179 174

.6 335 334 325 311 294 274 255 238 226 220

.5 430 428 417 398 374 347 322 300 283 275

.4 542 540 525 500 468 434 400 371 350 339

.3 669 666 647 616 576 532 489 453 426 412

.2 808 804 781 742 693 639 587 542 509 493

.1 353 948 920 874 815 752 689 636 597 577

0.0 1097 1091 105b 1006 338 865 793 732 687 663

- .1 1233 1226 1191 1131 1055 973 893 824 774 747

- .2 1352 1345 1307 1242 1160 1070 983 908 854 326

- .3 1448 1441 1401 1333 1247 1152 1060 992 924 894

- .4 1515 1509 1468 1399 1311 1214 1121 1040 981 951

- .5 1550 1545 1505 1438 1350 1255 1162 1082 1024 994

.6 1554 1550 1513 1448 1364 1273 1183 1106 1051 1022

.7 1527 1525 1492 1432 1355 1269 1136 1115 1063 1036

.8 1476 1477 1448 1395 1325 1248 1173 1108 1062 1038

- .9 1407 1409 1386 1340 1280 1213 1147 1091 1050 1030

-1.0 1326 1330 1312 1275 1225 1168 1113 1065 1031 1014

-1.1 1239 1246 1234 1205 1164 1118 1073 1034 1006 993

-1.2 1153 1163 1155 1134 1103 1067 1032 1001 980 970

-1.3 1073 1084 1081 1067 1045 1018 991 969 953 946

-1.4 1000 1012 1014 1006 991 972 954 937 926 922

-1.5 936 950 955 952 943 932 919 309 902 90

-1.6 881 896 304 905 902 396 3863 883 879 879

-1.7 336 851 861 866 866 364 862 859 858 360

-1.8 797 813 825 832 836 837 837 338 339 842

-1.9 765 782 794 803 809 813 816 318 821 825

-2.0 737 754 767 778 735 791 796 800 804 309

-2.1 713 730 744 755 764 771 777 732 737 733

-2.2 692 709 723 735 744 752 759 766 771 777

-2.3 672 689 703 715 726 735 742 749 755 761

-2.4 654 671 685 697 708 718 726 733 740 746

-2.5 637 653 668 680 691 701 710 717 724 731

-2.6 621 637 651 664 675 685 694 702 709 715

-2.7 606 621 636 648 660 670 679 687 694 701

-2.8 591 607 621 633 645 655 664 672 680 686

-2.9 577 593 606 619 630 641 650 658 666 672

-3.0 564 579 593 605 617 627 636 644 652 659

-3.1 552 566 530 592 603 614 623 631 639 646

-3.2 540 554 567 580 591 601 610 619 626 633

-3.3 528 542 556 568 579 589 598 606 614 621

-3.4 518 531 544 5b7 577 586 595 602 609

-3.5 507 521 533 545 556 566 575 583 591 598
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TRANSVERSE SECTION

WELD 1-1: I=251A, V=21V, Arc Eff.=0.75, TS=I0ipm, Plt Thk=.95cm

Initial Temp.=20 deg.C, Arc Dist. Parafrrter=0.18897

Transverse Cut at X = -0.6 Max. Perietration=0.13cm
cm)

Z = 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.3

0.0 1554 1550 1513 1448 1364 1273 1183 1106 1051 1022

.1 1536 1532 1496 1432 1350 1259 1171 1096 1041 1013

.2 1484 1481 1446 1385 1307 1221 1137 1064 1012 985

.3 1402 1400 1368 1312 1239 1159 1082 1015 966 341

.4 1296 1295 1267 1217 1152 1080 1010 350 907 884

.5 1174 1174 1150 1107 1051 988 927 875 837 818

.6 1044 1044 I125 989 341 889 837 793 761 745

.7 912 913 898 869 831 788 746 710 683 670

.8 785 787 776 753 723 689 656 627 607 597

.9 667 670 662 646 623 597 572 550 534 526

1.0 562 565 561 549 532 513 494 478 467 461

1.1 470 474 472 464 452 439 425 414 406 402

1.2 392 396 396 391 383 374 '65 357 352 350

1.3 327 331 332 329 325 319 313 308 305 304

1.4 274 278 279 278 276 272 269 266 264 263

1.5 230 234 236 236 235 233 231 230 229 229

1.6 195 189 200 201 201 200 200 19 193 139

1.7 166 169 171 172 173 173 173 173 173 173

1.8 142 145 147 148 149 150 150 150 151 151

1.9 123 125 127 128 129 130 131 131 132 132

2.0 107 109 110 112 113 114 114 115 115 116

2.1 93 95 96 98 99 100 100 101 101 102

2.2 82 83 85 86 87 88 88 89 39 90

2.3 T2 74 75 76 77 77 78 79 79 8

2.4 64 65 66 67 68 69 69 70 70 71

2.5 57 58 59 60 61 61 62 62 63 63

2.6 52 53 53 54 1s 5 56 56 56 57
2.7 47 48 48 49 49 50 50 51 51 51

2.8 43 43 44 44 45 45 46 46 46 47

2.9 39 40 40 41 41 41 42 42 42 42

3.0 36 37 37 37 38 38 38 39 39 39

3.1 34 34 34 35 35 35 36 36 36 36

3.2 32 32 32 32 33 33 33 33 34 34

3.3 30 30 30 31 31 31 31 31 31 32

3.4 28 28 29 29 29 29 29 30 30 30

3.5 27 27 27 27 28 28 28 28 28 28

3.6 26 26 26 26 26 27 27 27 27 27

3.7 25 25 25 25 25 25 26 26 26 26

3.8 24 24 24 24 25 25 25 25 25 25

3.9 23 23 24 24 24 24 24 24 24 24

4.0 23 23 23 23 23 23 23 23 23 23

Material Parameters Used: Thermal 0i{fus iitv = 0.147 [cmT2,"s3

Mass Density = 7.833 Eg/'cr,13]

Thermal Conduct i,. ity=0.54[W/cm-deg .C]
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